We have been developing a semi-autonomous underwater vehicle (semi-AUV) equipped with 3-link dual-arm for underwater intervention tasks. In this work, brief description of the developed semi-AUV and a single-person operated master controller that can simultaneously operate the semi-AUV and dual-arm is described. Furthermore, preliminary experimental results showing the effectiveness of the master controller in controlling the semi-AUV is presented.
Introduction
Unmanned underwater vehicles (UUVs) such as autonomous underwater vehicles (AUVs) are mainly developed by research institutes focusing on designing intelligent decision-making capabilities of AUVs robotic architecture for autonomy. AUVs are commonly utilized for underwater monitoring or survey operations. On the other hand, many UUVs that are commercially available in the market are remotely operated via tether, called remotely operated vehicles (ROVs). ROVs are controlled by skilled human operators using specialized interface device/master controller and mostly utilized for underwater intervention tasks.
Another type of UUV is the semi-autonomous underwater vehicle (semi-AUV), that implement human-robot interface to an autonomous underwater vehicle system. The performance of the underwater vehicle can be improved by maintaining the ability of direct human intervention in an autonomous robotic system. Due to this advantage, semi-AUVs are highly suitable for underwater intervention tasks especially for underwater vehicles attached with multiple robotic arms for object manipulation task. There are very few studies that are related to the development of semi-AUVs equipped with robotic arms for underwater intervention tasks. OTTER is a semi-AUV equipped with a single-link arm that were used for coordinated-arm/vehicle control experiments [1] . SAUVIM project demonstrated a semi-AUV equipped with a 7-DOF manipulator that can autonomously locate a target object, while human interventions are limited to higher level of commands during certain mission [2] . TRIDENT project introduced an approach for semi-autonomous recovery of unknown object using a single 7-DOF manipulator [3] . An example of a semi-AUV equipped with dual-arm is the work done by Sakagami et al [4] . They developed a semi-AUV equipped with two 5-DOF arm, with a pitch angle only attitude control system. The authors also have developed a semi-AUV equipped with 2-link dual-arm [5] . However, semi-AUVs utilizing single arm or 2-link dual-arm mentioned above limits the workspace for intervention tasks.
The objective of this paper is to present experimental results of remotely-controlled semi-AUV equipped with 3-link dual-arm using a master controller. First, a brief explanation of the developed semi-AUV and the autonomous control system for the underwater vehicle are presented. Then, the components of the master controller are explained. Finally, the experimental results of controlling the semi-AUV to catch a target object using the master controller are described. Fig. 1 shows the semi-AUV that is being developed in this work. Table 1 shows the physical parameters of the underwater vehicle-manipulator system. The system is consisting of an underwater vehicle (robot base) equipped with 2 units of 3-link dual-arm, and capable to move in three-dimensional space using six single propeller thrusters. The control system for the robot base is based on a RAC method proposed in [5] . The RAC method is consisting of desired acceleration α d (k) for robot base and both manipulator's joints, and desired velocity ν d (k) for robot base and both manipulator's end-tips defined as follows:
For Eqs. (1) and (2), 
T , Λ = diag{λi} and Γ = diag{γi} (i =1, · · · , 12) are the velocity and the position feedback gain matrices. Furthermore, T is data sampling period and transformation matrix S0e = blockdiag{E3, S ψ0 , E3, S ψe R , E3, S ψe L }, where 
Here, A and B are matrices consist of position and attitude of robot base and manipulator's joint angles, respectively. C is matrix for mass and D is matrix for inertia momentum. Both C and D matrices are included with hydrodynamic added mass and added inertia momentum which we assumed to be constant. Detail explanations regarding the symbols in the matrices can be found in [5] .
Fig.3 Robot base main master controller
The equation of motion of the robot is described as
where M is the inertia matrix including the added mass and inertia, N (q, ζ)ζ is the vector of Coliolis and centrifugal forces, fD is the vector consisting of the drag, gravitational and buoyant forces and moments.
T is the control input vector consisting of force and torque vectors for the thrusters and joint torques, f0 and τ0 are the force and torque vectors of vehicle, τm is the joint torque vector of manipulator. α is the acceleration of robot base and manipulator's joints. Fig. 2 shows the master controller utilized in this work, consisting of a robot base main master controller, 2 units of manipulator master controller and 2 units of robot base submaster controller. Fig. 3 shows the robot base main master controller. The robot base controller enables the user to control the motion of a slave robot in 3-dimensional space (3-DOF position and 3-DOF attitude) using only one hand. First, the translational motion of a robot (x, y and z axes) can be controlled using three slide-type potentiometers installed on a box-shaped controller of the robot base controller as shown in the figure. The translational speed of the robot is proportional to the changes of electrical potential (voltage) from the potentiometers. Thus, the translational speed of the robot base can be controlled by adjusting the slide potentiometer levers. The robot base controller is also consists of three RC servos as shown in Fig. 3 . The third servo is installed inside the boxshaped controller. The servos were arranged so that the axes is perpendicular to the center of the box-shaped controller. These servo actuators enable the control of rotational motion of the robot base (roll, pitch and yaw angles). The figure also shows the rotational motion for each angles when using the robot base main master controller.
Master Controller
Top half of Fig. 4(a) shows the 3-link dual-arm manipulator master controller. Each of the joints of the manipulator is consists of an RC servo actuator. These servo actuators are used to provide the desired joint angles for the manipulators of the slave robot including keeping any desired postures of the slave robot manipulators. Fig. 4(b) shows the manipulator master controller movements. Furthermore, at the end of In the experiment, an operator was asked to perform a simple task of moving both end-tips of the slave manipulator to a target object using the master controller. The operator was asked to use the robot base sub-master controller to move the
Experiment method and results

Fig.5 Experimental configuration
robot base, and manipulator master controller to move the slave manipulator. The operator controlled the robot via the master controller by directly observing the robot movement through the water tank's glass window. Fig. 6 shows image sequences taken from video footage during the experiment. Fig. 7 shows the time histories of the robot base's desired and actual position and attitude during the experiment. These images demonstrate that the robot was controlled to move towards the target object. Fig. 6 (a)∼(b) and Fig. 7(a) show the robot moved from initial position towards the target object. Then, the operator made a yaw motion to the left in order to catch the target object as shown in Fig. 6(c) and Fig. 7(b) . Finally, by maintaining the robot base position and attitude, the operator caught the target object using the 3-link dualarm via master controller as shown in Fig. 6(d) .
Conclusion
This article introduced a semi-AUV equipped with 3-link dual-arm for underwater intervention tasks. The developed semi-AUV utilized RAC method for autonomous motion control of robot base, to reduce its position and attitude errors. Moreover, a master controller enables an operator to remotely control the underwater vehicle and two units of 3-link robotic arm simultaneously. Preliminary experimental results show the capability of the dual-arm semi-AUV to catch a target object via master controller. 
